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Atomic force microscopyCarotenoids play important roles in photosynthesiswhere they are involved in light-harvesting, in photo-protection
and in the assembly and structural stability of light-harvesting and reaction centre complexes. In order to examine
theeffectsof carotenoidson theoligomeric stateof the reactioncentre–light-harvesting1 -PufX(RC–LH1–PufX) core
complex of Rhodobacter sphaeroides two carotenoid-less mutants, TC70 and R-26, were studied. Detergent
fractionation showed that in the absence of carotenoids LH2 complexes do not assemble, as expected, but also that
core complexes are predominantly found as monomers, although levels of the PufX polypeptide appeared to be
unaffected. Analysis of R-26 membranes by electron microscopy and atomic force microscopy reveals arrays of
hexagonally packedmonomeric RC–LH1–PufX complexes. Transfer of the crtB gene encoding phytoene synthase to
TC70 and R-26 restores the normal synthesis of carotenoids demonstrating that the R-26mutant of Rba. sphaeroides
harbours amutation in crtB, among its other defects. The transconjugant TC70 and R-26 strains containing crtB had
regained their ability to assemble wild-type levels of dimeric RC–LH1–PufX core complexes and normal energy
transfer pathwayswere restored, demonstrating that carotenoids are essential for thenormal assembly and function
of both the LH2 and RC–LH1–PufX complexes in this bacterial photosystem.hl(s), bacteriochlorophyll(s);
hydroxyethylpiperazine-N′-2-
ne; LH1, light-harvesting 1
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Carotenoids serve three functions in photosynthetic organisms:
they act as accessory light-harvesting pigments, they protect the
bacterial cell from the damaging effects of reactive oxygen species
(ROS) generated during cell metabolism, and ﬁnally they play a role in
the assembly and structural stability of photosynthetic complexes.
The work of Thomas [1] was possibly the ﬁrst to demonstrate the role
of carotenoids in bacterial photosynthesis, by measuring maxima at
460, 490 and 525 nm for the action spectrum of photosynthesis in
whole cells of Rhodospirillum (Rsp.) rubrum. The isolation and
extensive analysis of a pale blue carotenoid-less mutant, UV-33, of
Rhodobacter (Rba.) sphaeroides (then Rhodopseudomonas spheroides)
deﬁnitively established that carotenoids play an essential role inpreventing photo-oxidative damage, as well as in establishing the
normal characteristics of in vivo bacteriochlorophyll (BChl) absorption
[2]. Subsequently, Clayton and Smith isolated a carotenoid-less mutant,
R-26 (originally CC1 R26), following exposure of a high catalasemutant,
isolated from continuous cultures grown in the presence of 0.1 M H2O2,
to ultraviolet light [3]. The aim of their study was to determinewhether
the loss of carotenoids, and therefore photo-protection, could be
compensated by increasing the catalase content, although their results
showed that the high catalase content provided no protection against
the photo-oxidative killing.
Following the earlier work of Duysens, who had demonstrated
reversible light-dependent changes in the BChl absorption spectrum
in whole cells of Rsp. rubrum [4], studies on carotenoid-less mutants
played a central role in the history of photosynthesis research. Clayton
studied reversible light-induced changes in absorption in mutants
R-26 and UV-33 and proposed that the photochemical reactions of
photosynthesis arise from the reversible photo-oxidation of a small
subset of pigments, designated BChl2 [5]. R-26 was used for
investigations into the nature of this reversible component, P870
[6], and then for the ﬁrst isolation of reaction centres (RCs) [7,8].
Subsequently R-26 RCs were crystallised [9–11] providing some of
the ﬁrst insights into the structure of RC complexes, following the
structural work on the RC from Rhodopseudomonas viridis [12]. The
simpliﬁed light-harvesting system of R-26, which lacked LH2, was
1057I.W. Ng et al. / Biochimica et Biophysica Acta 1807 (2011) 1056–1063also an attractive experimental system for analysis of antenna
complexes (for example, Ref. [13]).
The loss of coloured carotenoids not only has implications for the
cell in terms of light-harvesting and photo-protection, but the
mutation also provokes structural effects resulting in the absence of
LH2 from the intracytoplasmic membrane (ICM) [2,5,14–17]. It was
shown that LH2 polypeptides are synthesised but not incorporated
into the membrane when either the crtB or crtI gene, encoding
phytoene synthase or phytoene desaturase, respectively (Fig. 1), is
interrupted; complementation of thismutantwith a plasmid containing
a functional copy of this gene resulted in restoration of assembly of the
LH2 complex [18]. Given the importance of carotenoids for biosynthesis
of the LH2 complex, we looked for a role for carotenoids in the assembly
of the other major component of the photosynthetic apparatus in Rba.
sphaeroides, the RC–LH1–PufX complex. This dimeric structure [19–21]
is composed of 28 LH1 αβ polypeptide pairs that snake round two RCs,
and which coordinate 56 BChl molecules [22]. The ﬁrst isolation and
analysis of the LH1 complex from Rba. sphaeroides had demonstrated a
carotenoid:BChl molar ratio of ~1 [23], implying that there could be as
many as 56 LH1 carotenoidmolecules in the RC–LH1–PufX dimer. Thus,
it might be expected that the loss of carotenoids would indeed provoke
some rearrangement of the complex, even though it retains its ability
to function.
Restoration of normal carotenoid biosynthesis to mutant R-26 was
the original motivation for the present work. The carotenoid
biosynthesis gene cluster of Rba. sphaeroides has been mapped using
transposon Tn5 mutagenesis [17,24,25], then sequenced [17,26],
providing deﬁned carotenoid biosynthesis mutants as well as the
means to complement the various insertional crt mutants. The pale
blue phenotype of UV-33, for example Ref. [2], as well as the synthesis
of phytoene, can be explained by a mutation in phytoene desaturase,
encoded by the crtI gene. A lesion in crtI is also likely to be the origin of
the phytoene-producing phenotype of the CC1 R22 mutant reported
by Clayton and Smith [3]. In the same work it was reported that
phytoene was absent from the R-26 mutant, so it was likely at the
outset that R-26 harbours a mutation in crtB, encoding phytoene
synthase [16–18,27].
In thework presented herein carotenoid biosynthesis was restored
to R-26, showing that it is indeed a crtB mutant. The spectroscopicFig. 1. The carotenoid biosynthetic pathway in Rba. sphaeroides. This is a simpliﬁedpathway
adapted from Ref. [49] and Ref. [50], showing the genes encoding the various steps in the
pathway, and the steps that are affected by the TC70, TC72, R-26 and UV-33 mutations.properties of R-26 and the complemented R-26 strain show that the
carotenoids are in a functional state, and that energy transfer to BChls
is restored, along with LH2 assembly. The oligomeric state of
detergent treated carotenoid-less core complexes was analysed by
fractionation on sucrose gradients, showing greatly impaired dimer
formation in the absence of carotenoids. Membranes from R-26 were
analysed by transmission electron microscopy (TEM) and atomic
force microscopy (AFM) showing that the loss of carotenoids, as well
as abolishing the assembly of LH2, also produces a photosynthetic
apparatus largely composed of hexagonally packed, monomeric core
complexes. Thus, carotenoids are essential for the normal assembly of
both types of photosynthetic complex, LH2 and the RC–LH1–PufX
dimer, in Rba. sphaeroides.
2. Materials and methods
2.1. Construction of strains
The crtB gene was ampliﬁed by PCR and cloned into the non-
integrative, self-replicating plasmid pRKSK1 [28] to give plasmid
pHLKPS1, which was introduced into R-26 and the crtB transposon
Tn5 mutant TC70 by conjugative transfer, essentially as described
previously [29].
2.2. Growth of cells
The carotenoid-less mutants R-26 and TC70 were grown photo-
synthetically by inoculating 30 mL screw-topped bottles with colonies
picked from plates incubated anaerobically in the light, then
subculturing into 1 L bottles immersed in a temperature controlled
water bath. Newly inoculated bottles were incubated for a few hours
at 30 °C in the dark to remove any residual oxygen, prior to irradiation
for photosynthetic growth at 100 μmol m−2. The respective com-
plemented strains R-26[pHLKPS1] and TC70[pHLKPS1], as well as the
wild-type (WT), were grown photosynthetically as above but with no
preincubation in the dark.
2.3. Sequencing of the crtB gene from R-26
CrtB was sequenced as depicted in Supplementary Fig. S1, which
shows the primers used, their positions in relation to crtB and the
mutation identiﬁed in the CrtB primary sequence.
2.4. Preparation of intracytoplasmic membranes
ICMs were prepared as described in Ref. [30], from cells disrupted
in a French pressure cell at 18,000 p.s.i. and the cell-free extract
layered onto a discontinuous (20/40% w/w) sucrose gradient, which
was centrifuged in a Beckman SW32 rotor at 89,500g for 10 h. The
ICM fraction formed a band above the 20/40% interface, and was
collected using a peristaltic pump and stored at −20 °C until
required. For AFM and TEM measurements of R-26 membranes,
ICMs were further fractionated on a continuous (10–40% w/w)
sucrose gradient containing 20 mMHEPES (pH 7.5), 10 mM EDTA by
centrifugation at 200,000g for 8 h in a Beckman SW41 rotor. The
pigmented fraction at 25–30% sucrose was harvested and stored at
−20 °C until required. For AFM of wild-type membranes, ICMs were
instead fractionated on a continuous (10–40%w/w) sucrose gradient
containing 20 mM HEPES (pH 7.5), 5 mM EDTA and 0.02% β-
dodecylmaltoglucoside (β-DDM) (Glycon Biochemistry, GmbH Bio-
technology, Germany).
2.5. Atomic force microscopy
Atomic force microscopy (AFM) was carried out as previously
described in Ref. [30]. Brieﬂy, fractionated ICM was adsorbed onto
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150 mM KCl, 25 mM MgCl2 for 1.5 h, then exchanged into imaging
buffer (10 mMHEPES pH 7.5, 100 mMKCl). All imaging was performed
using a commercial Nanoscope IV AFM (Bruker, formerly Veeco) in
Tapping Mode under imaging buffer, using sharpened silicon nitride
cantilevers (Olympus). Imaging parameters were optimised whilst
scanning and topographs were recorded at 512×512 pixels and
processed using the Nanoscope software (Bruker).2.6. Transmission electron microscopy of membranes
Fractionated ICMswere applied to glow-discharged carbon-coated
copper grids (400 mesh, Agar Scientiﬁc), negatively stained with
0.75% (w/v) uranyl formate and examined with a Phillips CM100
electron microscope. Images were recorded using an in-line 1K Gatan
Multiscan 794 CCD camera.Fig. 2. In trans complementation of R-26 with a plasmid-borne crtB, encoding phytoene
synthase: spectroscopic analysis of ICM from R-26, the complemented strain R-26
[pHLKPS1] and the WT control. (A) A typical photosynthetically grown culture of each
strain is shown, with an accompanying absorbance spectrum at 77 K of ICM puriﬁed
from R-26, the transconjugant strain R-26[pHLKPS1] complemented with crtB, and the
WT control. The spectra were normalised to the same maximum amplitude in the NIR
region of the spectrum. (B) Fluorescence excitation (solid lines) and emission spectra
(dashed lines) of ICM puriﬁed from R-26 (blue (upper) trace), the transconjugant strain
complemented with crtB, R-26[pHLKPS1] (red (middle) trace), and theWT control (red2.7. Analysis of monomer/dimer content of membranes using sucrose
gradients
ICMs at an absorbance of 15 at 875 nm (1 cm pathlength) were
solubilised in a ﬁnal volume of 250μL using 3% w/v β-DDM. Following
solubilisation each ICM sample was loaded onto a discontinuous sucrose
gradient composed of steps of 20%, 21.25%, 22.5%, 23.75% and 25%
w/w sucrose (madewith 20 mMHEPES, 0.03% β-DDM, pH 7.5), each at a
volumeof 2 mL. Thegradientswere centrifugedat100,000g for40 husing
a Beckman SW41 rotor. The dimer and monomer content of the WT and
TC70 was quantiﬁed by measuring the absorbance spectra of fractions
recovered from gradients and estimating the absorbance values at
870 nm arising from the LH1 complex within the monomer and dimer
fractions. The dimer:monomer ratio was estimated separately using
densitometry of photographs of the gradients. The original image,
containing the two gradients photographed together, was converted to
16-bit greyscale typebyusing ImageJ software (NIH, Bethesda,USA)anda
cross-section proﬁle along the centre-line of the gradient was taken for
each sample. The proﬁles were then exported as ASCII ﬁles into Origin
software (OriginLabCorp., Northampton,USA) for further analysis. Anon-
smoothing base line was subtracted from each dataset in order to
normalise all theproﬁles. Then, thepeaks corresponding to thepigmented
bands of each sample were automatically detected by the software and
integrated in order to calculate the area under each peak, providing a
measure of the amounts of monomer and dimer complexes in the
gradient.(lower) trace). For the excitation spectra ﬂuorescence emission was monitored at
910 nm (left hand panel) and 950 nm (right hand panel). Excitation for the emission
spectra was at 590 nm.2.8. Spectroscopy
Samples were cooled to 77 K in an Optistat DN-V optical cryostat
manufactured by Oxford Instruments. Samples were suspended in a
cryo-stable buffer comprising of 50 mM Tris–HCl, 55% glycerol (v/v)
25% sucrose (w/v). Absorbance spectra were recorded on a Cary 50
UV-Vis spectrophotometer between 260 and 950 nm. Baselines were
corrected and spectra were processed with Datamax/Grams 32 soft-
ware as required (Jobin Yvon Ltd., U.S.A.). All emission and excitation
ﬂuorescence spectra were recorded on a SPEX FluoroLog spectroﬂu-
orimeter (SPEX Industries Inc.). For ﬂuorescence emission measure-
ments excitation slit widths of 5 mm (18 nm) and emission slit
widths of 2.5 mm (9 nm) were used. Excitation was provided from a
tungsten light source in the visible and near-infrared (NIR) regions of
the spectrum. Excitation spectra in the visible and NIR regions were
recorded separately since emission was monitored at 910 and
950 nm, respectively. Excitation slit widths of 2.5 mm (9 nm) and
emission slit widths of 5 mm (18 nm) were used. An average of 5
individual scans was used tomeasure excitation and emission spectra.2.9. Western blot analysis
Western analysis was performed as described in Ref. [30], with
immunodetection using the ECL Detection System (Amersham).
Primary antibodies were used in a 1:5000 dilution in blocking solution,
and detected using a 1:5000 dilution of horseradish peroxidase-
conjugated goat anti-rabbit antiserum as the secondary antibody.
3. Results
3.1. CrtB restores the synthesis and energy transfer functions of
carotenoids to mutant R-26
The conjugative plasmid pHLKPS1 restores normal carotenoid
synthesis to the carotenoid biosynthesis mutant TC70, in which crtB,
encoding phytoene synthase, is disrupted by insertion of the transposon
Fig. 3. Analysis of the oligomeric state of RC–LH1–PufX core complexes in the carotenoid-
less crtB mutants R-26 and TC70. (A) Upper panel: analysis of the presence of LH2
complexes (LH2), core monomers (M) and core dimers (D) on discontinuous sucrose
gradients. ICMswere solubilised usingβ-DDMand the LH2, coremonomer and core dimer
complexes separated on a sucrose density gradient. The samples were prepared from the
following strains: (1) DPF2R[pRHEHX] control; (2) DPF2R[pRHEHX−] control; (3) R-26;
(4) R-26 [pHLKPS1]; (5) TC70; (6) TC70 [pHLKPS1]. Lower panel: western blot used to
probe the ICM from strains 1–6 as in the upper panel for the presence of PufX, with
antibodies to the RC-L subunit used as a loading control. (B) The effects of varying the
detergent concentration on the oligomeric state of core complexes solubilised from R-26
ICM. ICMs were solubilised using β-DDM at the following concentrations: (1) 0.1%
(2) 0.25% (3) 0.5% (4) 1% (5) 2% (6) 3%.M corresponds to coremonomers andD todimers.
(C) Quantitation of the dimer:monomer ratio for theWT and the TC70mutant. Monomer
and dimer fractions were recovered from the gradients and absorbance values at 870 nm,
corresponding to the LH1 complex, were extracted from the absorbance spectra. The
dimer:monomer ratios in parentheses were estimated separately using densitometry of
photographs of the gradients. Next to each band in the two gradients is a western blot,
probed with antibodies to the PufX polypeptide.
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red coloration on the normally grey/blue colonies. Examples of the
photosynthetically grown cultures are shown in Fig. 2A, together with a
WT control. These cultures were scaled up for preparation of puriﬁed
ICM, whichwere analysed by absorption spectroscopy at 77 K (Fig. 2A).
R-26 showed thewell-documented absence of the light-harvesting LH2
complex, apparent through the lack of peaks 800 and 850 nm. The Qy
transition of the carotenoid-less LH1 complex is at 882 nm and peaks
corresponding to bacteriopheophytins and the monomeric BChls of the
RC were observed at 758 and 802 nm respectively. Comparison of R-26
[pHLKPS1]with R-26 shows the reappearance of carotenoid absorbance
peaks at 451, 478 and 513 nm, corresponding to spheroidene (Fig. 2A,
middle trace). The LH2 complex, absorbing at 800 and 855 nm is also
restored following the introduction of a functional copy of the plasmid-
borne crtB gene. In terms of the absorbance of carotenoids in the 400–
500 nm region, and of LH2 complex BChls at 800 and 850 nm, the
transconjugant strain R-26[pHLKPS1] compares well with the WT
control in Fig. 2 (lower trace) As a further control, membranes from the
crtB mutant strain TC70 and the complemented strain TC70[pHLKPS1]
were also analysed, giving spectra similar to R-26 and R-26[pHLKPS1]
(not shown).
Fluorescence excitation and emission spectra were recorded on ICM
prepared from R-26, the transconjugant strain R-26[pHLKPS1] and the
WT to determine whether the newly introduced carotenoids were part
of a functional light-harvesting system. Fig. 2B (blue line) shows the
ﬂuorescence excitation spectrum for R-26, monitoring ﬂuorescence
emission at 950 nm from the LH1 complex (Fig. 2B, blue line). There is a
maximum in the NIR region at 887 nm and the ﬂuorescence emission
maximum for the carotenoid-less LH1 complexes in R-26 occurred at
908 nm, with excitation at 590 nm. The excitation spectra in the 450–
520 nm region in Fig. 2B (red lines) correspond well with the
absorbance spectra in Fig. 2A, showing that the restored carotenoids
in R-26[pHLKPS1] can transfer energy to the LH2 and LH1 BChls, to an
extent that compares well with theWT control. Similarly, the excitation
spectra for the transconjugant and WT membranes in the NIR region
show comparable excitation maxima, at 800 and 859 nm for R-26
[pHLKPS1], and 800 and 865 nm for the WT control. The origin of the
6 nm blue shift in the R-26[pHLKPS1] excitation maximum is not
known. Qualitatively, the excitation spectra show that there are
comparable levels of energy transfer from the B800 to the B850 BChls
within the LH2 complex, and from the LH2 to LH1 complexes in the
transconjugant andWTmembranes. Since the spectra were recorded at
77 K, the absolute efﬁciencies of energy transfer are lower than at room
temperature, and were not calculated.
Having shown that R-26 is a crtBmutant, crtB genes were ampliﬁed
from R-26 andWT 2.4.1 DNA by PCR and sequenced. The 2.4.1. WTwas
chosen rather than the NCIB 8253WT used in sequencing the crtB gene
in Ref. [16], sinceR-26was obtained as a result of furthermutagenesis of
a constitutive high-catalase mutant CC1 [3], assumed to be a derivative
of the 2.4.1 WT. Asn 171 is changed to Thr in the primary sequence of
CrtB from R-26, a substitution that appears to have inactivated the
phytoene synthase in this mutant (see Supplementary Data Fig. S1).
3.2. Analysis of the oligomeric state of RC–LH1–PufX core complexes in
carotenoid-less mutants
The effects of the absence of carotenoids (R-26 and TC70) and their
presence (R-26[pHLKPS1] and TC70[pHLKPS1]) were examined in
relation to the oligomeric state of the RC–LH1–PufX core complex,
which is known to be in a mainly dimeric state in membranes from
photosynthetically grown cells [19–21]. ICMs were prepared from
photosynthetically grown cells, solubilised using β-DDM and the LH2,
core monomer and core dimer complexes separated on a sucrose
density gradient. The gradients are shown in Fig. 3A together with a
western blot used to probe the ICM for the presence of PufX. The
gradients in tubes 1 and 2 were loaded with positive and negativecontrols, respectively; these are a puf operon deletion mutant, DPF2,
complemented with a plasmid bearing genes encoding either RC–
LH1–PufX (tube 1) or RC–LH1 (tube 2) complexes. The only difference
between these samples is the absence of PufX in tube 2, which results
in the absence of dimeric RC–LH1–PufX complexes (lowest band), but
retention of monomeric cores (middle band) and LH2 (uppermost
band). For comparison it was necessary to grow both these strains
semi-aerobically in the dark, hence the red colour of the bands.
However, it was difﬁcult to grow R-26 semi-aerobically in the dark, so
the cells used for the samples in tubes 3–6 were all grown
photosynthetically. Tubes 3 and 5 were loaded with R-26 and TC70
ICM, respectively and each showed a band at a position equivalent to
themonomer core complex band in the PufX− control (tube 2). A very
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in these carotenoid-less mutants. The photosynthetically grown
transconjugant strains R-26[pHLKPS1] (tube 4) and TC70[pHLKPS1]
(tube 6), each with a functional crtB gene, show a banding pattern
similar to that of the PufX+ control. Western blot analysis carried out
using ICM from each strain shows the presence of the RC-L subunit as
a loading control, and also the presence of PufX in all the strains
except for the PufX− control (lane 2). Thus, the loss of core dimers
cannot be attributed to a lack of PufX in R-26 or TC70.
Despite this result, it was still possible that carotenoid-less RC–
LH1–PufX complexes were in a dimeric state, but with a greater
susceptibility to the 3% β-DDM detergent concentration routinely
used to solubilise membranes, leading to dissociation into monomers.
To check for this possibility ICMs from R-26 were solubilised using
0.1%, 0.25%, 0.5%, 1%, 2%, or 3% β-DDM (Fig. 3B) and analysed as in
Fig. 3A. Themajor band in all the gradients corresponds tomonomeric
core complexes, with an optimal solubilisation in tubes 3–5 producing
the strongest monomer bands and then a decline at 3% β-DDM in tube
6. A faint band corresponding to dimeric core complexes was visible
in tubes 4–6, supporting the idea that although monomers are the
dominant core complex, there is some evidence for a very small
population of dimers as well.
The core dimer:monomer ratios for theWTand the crtBmutant TC70,
quantiﬁed fromabsorbance spectra of fractions recovered fromgradients
shown in Fig. 3C, were 2.19 and 0.21, respectively. Densitometry of the
gradients gave ratios of 2.12 and 0.25, in reasonable agreement with the
fractionation data. Thus, in the wild-type and under the detergent
conditions used, approximately 68% of the LH1 is present in core dimers,
whereas this ﬁgure reduces to approximately 19% in the TC70 crtB
mutant. Fig. 3C also shows the results ofwestern blotting thesemonomer
and dimer fractions with antibodies to the PufX polypeptide. PufX wasFig. 4. Analysis of R-26 membranes by TEM and AFM. (A) (i) Negative-stain TEM of R-26
indicate single membrane layers with hexagonal patterning of the components. (B) (i) Mediu
blue circles indicate LH1-only rings, lacking the RC. The red lines show the positions of the
proﬁles 1–5 show the separation of the RC-H protrusions between neighbouring core comple
of 12.2±1.2 nm (n=19). Red asterisks indicate potentially dimeric core complexes, with R
complex. (C) (i) AFM analysis of ICM puriﬁed from photosynthetically-grown wild-type Rba
height proﬁles; proﬁles 1 and 2 are measured across the long axis of a row of four dimer
(iii) Height proﬁles 1 and 2 show an inter-dimer RC–RC separation of 12.1±0.4 nm. Height p
the presence of core dimers.present in all cases, so it is likely that in carotenoid-less core complexes
PufX is still an integral part of the structure.
In order to verify the oligomeric state of core complexes in mutant
R-26, ICMs fractionated on a further sucrose density gradient then
analysed by TEM and AFM. Fig. 4A shows TEM images of negatively-
stained R-26 membranes, which are vesicles and fragments of
membrane mostly ranging from 50 to 150 nm in diameter, with a
few larger vesicles. A higher magniﬁcation image from an area within
Fig. 4A(i) is shown in Fig. 4A(ii); the blue arrow denotes a single-layer
membrane with hexagonal patterning of the membrane components.
AFM was used to image such a membrane in more detail without the
drawbacks of staining and dehydration (Fig. 4B). Low concentrations
of β-DDM are normally required to convert spherical WT ICM into
membrane patches that ﬂatten onto the mica substrate; however the
more lamellar morphology of the R-26 membrane did not necessitate
the use of detergent for AFM work. The image of the cytoplasmic face
of an R-26membrane fragment in Fig. 4B shows a hexagonally packed
membrane, with the brightest features ascribed to the RC-H subunit,
and core complexes lacking the RC (i.e. empty LH1 rings) denoted by
blue rings in Fig. 4B (ii). Fig. 4B(iii) shows a height proﬁle analysis across
the red lines in Fig. 4B(ii); the average height of the RC-H subunit above
the surrounding ring is 1.87±0.24 nm (n=11). Proﬁles 1–5 allow
analysis of the separation of the RC-H protrusions between neighbour-
ing core complexes. These indicate that the majority of core complexes
are monomeric, with an average RC–RC separation of 12.2±1.2 nm
(n=19). Rare dimeric core complexes were observed (red asterisks)
with lower RC–RC separations of 7.5–9.5 nm. For comparison, this same
AFM analysis was performed on membrane puriﬁed from photosyn-
thetically-grown wild-type Rba. sphaeroides (Fig. 4C). Here, rows of
dimeric core complexes interspersed by zigzag domains of LH2
complexes are observed. Height proﬁles 1 and 2, measured across themembranes. (ii) Higher magniﬁcation image from an area within (i). The blue arrows
m resolution AFM image of an R-26membrane fragment. (ii) Analysis of the image; the
height proﬁles drawn at a variety of angles across the membrane surface. (iii) Height
xes. The majority of core complexes are monomeric, with an average RC–RC separation
C–RC separations of 7.5–9.5 nm. The blue asterisk denotes the position of an LH1-only
. sphaeroides, as a control. (ii) The same image, but with lines indicating the positions of
ic cores and height proﬁles 3–6 are measured between RCs within individual dimers.
roﬁles 3–6 show an intra-dimer RC–RC separation of 8.2±0.4 nm. Red asterisks indicate
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separation of 12.1±0.4 nm. Height proﬁles 3–6, measured across
individual dimers show an intra-dimer RC–RC separation of 8.2±
0.4 nm. These dimensions are consistent with previous measurements
of core complexes inwild-type and PufX-minusmembranes, where the
average separation between RC-H subunits in dimeric RC–LH1–PufX
complexes was 7.8 nm, but 12 nm for monomers [30,31].
4. Discussion
The crucial role of carotenoids in photosynthesis was ﬁrst dem-
onstrated through the analysis of photosynthetic bacteria. Mutants
UV-33 and R-26 of Rba. sphaeroides were particularly important, and
were used to show that carotenoids are essential for preventing
photo-oxidative damage, and for light-harvesting [2,5]. R-26 has been
used ever since, and there are over two hundred papers on this mutant
and the pseudorevertant R-26.1, mainly studies of RC structure and
function, but some concentrating on light-harvesting complexes. R-26
was isolated when a high catalase mutant was exposed to ultraviolet
light [3]. This procedure appears to have created a series of mutations;
ﬁrstly there is ahigh catalase content, then the lossof carotenoids, then a
pleiotropic effect on LH2 assembly,which is a consequence of the lack of
carotenoids [18]. To this list we can now add another pleiotropic
effect, namely the inability to assemble normal levels of dimeric core
complexes in the absence of carotenoids.
4.1. Mutations in crtB and other genes in R-26
Carotenoids are restored to R-26 following conjugative transfer of
a plasmid bearing a functional crtB gene, showing that a lesion in the
phytoene synthase step of carotenoid biosynthesis (Fig. 1) is respon-
sible for the blue-green phenotype of R-26. In this respect R-26 has
the same properties as the deﬁned crtBmutant TC70, where the gene
was inactivated through insertion of transposon Tn5 [16,17,25]. In TC70
the absence of LH2 is a consequence of a requirement for carotenoids in
the assembly pathway for this complex; this was demonstrated by a
pulse-chase radiolabeling experiment,which showed that although LH2
polypeptides were synthesised they were not stably incorporated into
the TC70 membrane [18]. Similarly, a lesion in crtI encoding phytoene
desaturase (Fig. 1) abolishes LH2 assembly and complementation of a
crtI mutant with a plasmid-borne copy of crtI restored carotenoid
biosynthesis and allowed the stable assembly of LH2 into the ICM [18].
The fact that crtB restores normal levels of LH2 assembly to the trans-
conjugant strain R-26[pHLKPS1] shows that it is not the Val24→Phe
substitution in the LH2 α-subunit in R-26 [32] that prevents LH2
assembly in R-26. Furthermore the ﬂuorescence excitation spectra in
Fig. 2 show that the full pathway of excitation energy transfer from
carotenoids to BChls, and from LH2 to LH1, has been restored to R-26
[pHLKPS1], so the Leu30→Pro mutation in the LH1 β-subunit of R-26
[33] does not affect these processes.
The presence of mutations in genes encoding the LH1 complex in
R-26 [33] makes this mutant less than ideal for studies of light-
harvesting structure and function, given the lack of carotenoids as
well. This is particularly true for R-26.1, a partial revertant of R-26 [34]
which still lacks carotenoids but has, in addition to LH1, a pseudo-LH2
complex with no B800 absorbance band and a red-shifted absorbance
maximum at approximately 860 nm. Here, multiple mutations are
present including a Val24→Phe substitution in the LH2 α-subunit, a
Val22→Ala substitution in the LH1 α-subunit and a Leu30→Pro
substitution in the LH1 β-subunit [33]. The mutation Val24→Phe in
the LH2 α-subunit of R-26.1 had already been identiﬁed many years
previously by sequencing the LH2 polypeptide [32]. This mutation
was apparently inherited from the parental R-26 strain. It is not clear
why a carotenoid-less LH2 complex is able to assemble in R-26.1 but
not R-26; as pointed out by Robert et al. [35] R-26.1 is a partial
suppressor mutation and it could have arisen through a mutation inthe biosynthetic pathway for LH2 complexes. One candidate for the
suppressor effect could be a mutation in pucC encoding the LH2
assembly complex [36], so the LH2 assembly pathway is able to
tolerate the loss of carotenoids.
4.2. The pleiotropic effect of loss of carotenoids on the formation of
RC–LH1–PufX dimers
Mutants that have no LH2 complexes but retain dimeric core
complexes assemble tubular ICM [20,37,38], as a consequence of
the dimeric nature of the core complex, and its shallow “V” shape,
which imposes curvature on the membrane in which it sits [39,40].
The membranes puriﬁed from R-26 were small vesicles and patches
(Fig. 4A, B), offering a clue as to the other pleiotropic effect of the lack of
carotenoids, namely that these pigments are required for efﬁcient
dimerisation of core complexes, and in their absencemainlymonomers
form which have lost their strong membrane-curving properties.
Inspection of sucrose density gradients (Fig. 3) and AFM topographs
(Fig. 4) veriﬁes that carotenoid-less RC–LH1 complexes are present
almost entirely as monomers, an effect also produced by truncating the
N-terminus of PufX, or removing it altogether [30,41]. This monomeric
state in R-26 contrasts with the dimeric cores observed in membranes
from the WT (Fig. 4C). We note that no detergent treatment was
necessary to produce R-26 membranes suitable for AFM, in contrast to
the requirement for low concentrations of β-DDM to open out spherical
WT ICM vesicles on the mica substrate prior to AFM imaging. The
presence of core dimers is a characteristic of membranes from
photosynthetically grown cells of the WT, whether these membranes
are treated with detergent, or not, as in the case of the biosynthetic
precursor UPB membranes from the WT [31]. A further point to note is
that the sucrose density gradients in Fig. 3, as well as the AFM in
Ref. [31], show that some core monomers are also present in WT
membranes, even though dimers predominate.
Thewestern blots in Fig. 3 show that PufX is present inbothR-26 and
TC70 membranes, and also that PufX is present in the partially puriﬁed
monomeric, carotenoid-less RC–LH1–PufX complexes so themonomer-
ic character of these complexes cannot be attributed to a lack of PufX.
We conclude that there is a direct requirement for carotenoids for the
efﬁcient dimerisation of RC–LH1–PufX complexes, demonstrating yet
another role for these pigments in the assembly and function of this
bacterial photosystem.
It has been known for a long time that there is a relatively high
content of carotenoid in the LH1 complex; it was suggested that the
minimal LH1 complex was composed of two polypeptides, two BChls
and two carotenoids [23]. The structural information available for the
RC–LH1–PufX dimer [22,39] implies 56 LH1 BChls and therefore 56
carotenoids per complex, with the carotenoids likely to provide
structural support as well as extra capabilities for light absorption and
photo-protection. Certainly, carotenoids have been found to enhance the
reconstitution of LH1-only complexes from the separate polypeptide,
BChl and carotenoid components [42,43]. Studies of mutants of Rba.
capsulatus show that there is an interrelationship between carotenoids,
PufX anddimerisation of the core complex, and it has been proposed that
PufX affects multiple carotenoid binding sites in LH1 [44].
4.3. Effects of the loss of carotenoids on the morphology and function of
photosynthetic membranes
The cell ultrastructure of R-26 was ﬁrst reported by Lommen and
Takemoto [45], who observed some spherical vesicles as well as
ﬂattened lamellar membranes in thin sections and freeze-fracture
preparations of R-26 cells. Thus, mutations early in the carotenoid
pathway, at the level of phytoene synthase and phytoene desaturase,
affect the morphology of ICM of Rba. sphaeroides. A systematic survey
of the effects of each step in the carotenoid pathway on membrane
morphology revealed that the decisive step for normal membrane
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by the three-step phytoene desaturase [18]. Interestingly, this study
showed that relatively small amounts of ICM accumulate in TC70, the
crtB mutant, whereas layers of lamellar membranes are observed in
the crtImutant, TC72. It appears that the formation of phytoene is able to
promote some membrane and photosystem assembly, implying that
this colourless carotenoid can be incorporated into light-harvesting
complexes to some degree. Having established that carotenoids at the
level of neurosporene and beyond are important for the assembly of
both LH2 [18] and RC–LH1–PufX dimers it is possible to explain the
observations of LommenandTakemoto [45], and thoseof Langet al. [18]
on cell ultrastructure: spherical ICM become the dominant membrane
structureswithin the cell when normal carotenoid biosynthesis permits
the assembly of both the LH2 and the membrane-curving core dimer
complexes.
The AFM topographs of R-26membranes show that they are largely
composed of hexagonally packed monomeric complexes. Of the 27 RC–
LH1 complexes analysed only twodimerswere found,which is less than
the proportion of dimers found in sucrose gradient analysis of
detergent-treated TC70 samples in Fig. 3C. Bothmonomeric and dimeric
cores from TC70 contain PufX, as shown by the western blots in Fig. 3.
Thus, the absence of carotenoids from core complexes favours the
assembly of core monomers and overrides the normal dimerising effect
of PufX, driven by the N-terminal domain of this polypeptide [30,41]. R-
26 membranes ranged from 50 to 150 nm in size, which is sufﬁcient to
accommodate approximately 25–200 RC–LH1–PufX core monomers,
containing between 750 and 6,000 LH1 BChls. This can be compared to
ICM vesicles from the WT bacterium, the most representative of which
have been modelled to contain approximately 4,500 BChls, 100 LH2
complexes and 18 dimeric RC–LH1–PufX complexes [46,47]. A recent
investigation of excitation transfer connectivity compared membranes
from R-26 and several other mutants of Rba. sphaeroides [33]. It was
found that the LH1:RC ratio is doubled in R-26 in comparisonwith other
mutants lacking LH2, and the authors also calculated a surprisingly high
value for the connectivity parameter J, which they suggested could arise
from “excess” LH1 complexes inserted betweenRC–LH1 complexes. It is
therefore interesting that the AFM topographs in Fig. 4 reveal some
empty LH1 rings interspersed among the monomeric core complexes,
althoughwe cannot exclude the possibility that RCswere removed from
some of the LH1 rings by the AFM. It is also possible that because of the
relatively gentle tapping mode AFM employed, the presence of a few
LH1 rings lacking RCs reﬂects the real situation in themembrane. In the
example in Fig. 4 there are approximately 70 LH1 rings in total
representing 2,100 LH1 BChls, at 30 BChls per monomeric ring,
assuming interruptionwith PufX as in the RC–LH1–PufW structure [48].
Of these, approximately 10 “empty” LH1 rings can be identiﬁed. This is
just onemembrane, whereas themeasurements of DeRivoyre et al. [33]
are bulkmeasurements, but nevertheless there is some correspondence
between their suggestion and our AFM data. AFM support for their
further suggestion, that a small fraction of the LH1 antenna could reside
in a domain disconnected from the rest of the complexes, might require
imaging smaller membrane fragments, which is technically more
demanding.
In conclusion, this work has demonstrated that as well as being
reliant upon the presence of PufX, which was already known, efﬁcient
dimerisation of core complexes also requires carotenoids. Futurework
will examine the effects of varying the type of carotenoid on the
dimerisation process.
Supplementarymaterials related to this article can be found online
at doi:10.1016/j.bbabio.2011.05.020.
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